A graphene quantum dots (GQDs) modified glassy carbon electrode (GCE), namely GQDs/GCE was prepared by electrodeposition method, which was characterized by chronocoulometry and electrochemical impedance spectra. The electrochemical behavior of the prepared modified electrode towards the catalytic oxidation of dopamine (DA) in pH 7.0 phosphate buffer solution was investigated by cyclic voltammetry and differential pulse voltammetry. It was demonstrated that the modified electrode presented good electrocatalytic activity and had favorable electrochemical response towards DA without the interference of ascorbic acid. The probable mechanism on the modified electrode surface was proposed. Under optimum conditions, the dependence of current vs. concentration was linear from 0.4 to 100 M with a regression coefficient of 0.997, and the detection limit of DA was 50 nM (S/N=3). Analytical application of GQDs/GCE was successfully tested in the determination of DA in real samples.
INTRODUCTION
As a crucial catecholamine neurotransmitter, dopamine (DA, 3, 4-Dihydroxyphenylethylamine), plays an important role in human metabolism, cardiovascular, central nervous, renal, and hormonal systems [1, 2] . However, its deficiency will lead to several diseases which include Parkinson's disease, Alzheimer's disease, HIV infection and Huntington's disease [3] . Therefore, it is important to develop simple, highly sensitive and reliable methods for measuring DA to prevent these diseases. Update, many different analytical strategies, such as, spectrophotometry [4, 5] , chemiluminescence [6] , high performance liquid chromatography [7] and electrochemical methods [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] , have been searched to detect DA. Compared to other methods, electrochemical detection of DA is attractive because of its high sensitivity and ease of use. Additionally, DA has a very strong electrochemical activity because it own to an electroactive catecholamine group [20] . However, most of the time both DA and ascorbic acid (AA) coexist in real biological samples, a major challenge for sensing DA is that AA with oxidation potentials close to that of DA on conventional electrodes [21] . To overcome this limitation, various materials have been employed to modify the surface of working electrodes such as organic redox mediators [22] , nanoparticles [23] and self-assembled monolayer [14] , since the modified electrode can reduce the oxidation potential and also increase selectivity. Although most of these modified electrodes made many contributions for sensing dopamine, these modified electrodes either exhibited limited sensitivity or they involved sophisticated and expensive syntheses.
In recent years, graphene, a one-atom thick layer consisting of carbon atoms arranged in a honeycomb lattice with sp 2 hybridization, has aroused increasing attention as sensing element in electrochemical detections due to its large surface area, fast electron transfer rate and excellent electrical conductivity [24] . On the other hand, strong hydrophobic nature is disadvantageous for the redox of analytes at graphene interface in aqueous solutions due to interface resistance. Among the derivatives of graphene, graphene quantum dots (GQDs) are a kind of zero-dimensional (0D) material with size less than 100 nm. 25 GQDs exhibit high electrical conductivity, large surface area, biocompatibility [25, 25] , and some other special physical properties. With these extraordinary properties, GQDs are suitable alternatives as both optical sensing platform and bioimaging [27] . Nowadays, there are some reports about GQDs as sensing platform in the field of electrochemical detections [28, 29] . Among these literatures, a GQDs modified glassy carbon electrode (GQDs/GCE) was usually prepared by the casting method. The poor reproducibility of the modified electrodes limited the application of GQDs in the field of electrochemical sensing. In this present work, the GQDs were synthesized by convenient method and characterized carefully. Then the GQDs modified electrode (GQDs/GCE) was fabricated by electrodeposition method, which was characterized by EIS and electrochemical technologies. The electrochemical behavior of the GQDs modified electrode towards DA was also investigated and the results showed that the redox signal of DA was greatly promoted by the modified GQDs layer. Moreover, the existence of AA did not interfere to determination of DA at this modified electrode. The detection limit of DA was found to be 50 nM by differential pulse voltammetry. Also, the electrochemical parameters and electrochemical reaction mechanism of DA on the GQDs/GCE were carefully investigated in this work.
MATERIALS AND METHODS

Materials
Citric acid (CA), dopamine (DA), glucose and ascorbic acid (AA) were received from SigmaAldrich. Stock solution of 1 mM DA (Sigma Aldrich, USA) was prepared in double distilled water and stored in refrigerator at 4℃. A series of phosphate buffer solution (PBS) with different pH value were prepared by mixing the solutions of 0.1M NaH 2 PO 4 and 0.1M Na 2 HPO 4 , and then adjusting the pH with H 3 PO 4 or NaOH. All chemicals were of analytical grade and were obtained commercially. Doubly distilled water (resistivity>18MΩ·cm) was used throughout experiments.
Apparatus
The morphology and size of the GQDs were analysed by JEM 2100 transmission electron microscope (JEOL, Tokyo, Japan) with an acceleration voltage of 200 kV. FT-IR spectroscopy in the range of 4000-500 cm −1 was measured by using a Thermo Fisher FT-IR spectrometer. All electrochemical experiments (except electrochemical impedance spectroscopy experiments) were done using a CHI660E electrochemical workstation (ShangHai ChenHua Instruments Corporation, China) comprising of a conventional three-electrode cell: bare GCE (3 mm diameter) or GQDs/GCE as the working electrode, a saturated calomel electrode as the reference electrode and a platinum wire as the count electrode, respectively. The electrochemical impedance spectroscopy (EIS) experiments were performed on a Princeton PARSTAT 4000 between 0.1 Hz and 10 kHz at 0.25 V.
Synthesis of GQDs
In this study, the bottom-up pyrolysis method was used for synthesis of GQDs [30] . In brief, 2 g citric acid (CA) was placed in a 100 mL round bottom flask and then heated to 200 ℃in an oil bath. About 30 min later, the color of the liquid changed from colorless to orange, which implied the formation of GQDs. And then, this orange liquid was dissolved by dropwise addition of 10 mg·mL -1 NaOH solution and vigorous stirring until the pH of the GQDs solution up to 8.0. Finally, the GQDs were dialyzed for 48 h with the dialysis bags, and after vacuum freeze dry, the GQDs were stored at 4 °C.
Fabrication of GQDs modified GCE
Before the modification, the GCE was polished with 0.3 and 0.05 μm aluminum powder in sequence and then washed successively with anhydrous alcohol and double distilled water in an ultrasonic bath and dried in air. Next, 2 mg GQDs were dissolved in 4 mL ultrapure water under ultrasonic conditions. The freshly polished GCE was placed into the GQDs solution (2 mg·mL -1 ), the electrodeposition of GQDs was carried out under cyclic voltammetry (CV) sweeping from −1.5 to 2.0 V at a scan rate of 100 mV·s -1 for 30 cycles on GCE. The obtained modified electrode was donated as GQDs/GCE.
Experimental measurements
The electrochemical behaviors of the electrodes were evaluated by EIS in 5. V to +0.6 V, scan rate was 100 mV·s -1 . The determination of DA was performed by differential pulse voltammetry (DPV). DPV was recorded within the potential range from -0.3 V to +0.6 V with a pulse amplitude 50 mV, pulse width 50 ms in 0.1 M PBS solution. After each measurement, the modified electrode was washed with water and scanned in blank PBS solution until the electrochemical signals of DA were disappeared. All measurements were carried through at ambient temperature.
RESULTS AND DISCUSSION
Characterization of GQDs
Figure 1. (A) TEM image of the GQDs, inset: size distribution histograms of GQDs; (B) FT-IR spectra of the GQDs
The as-prepared GQDs were characterized by TEM and FT-IR spectra. As shown in Fig.1A , the GQDs were dispersed with the diameter in the range of 3-15 nm, and the average size of the GQDs was determined to be about 9 nm. FT-IR spectrum (Fig. 1B) showed that there was a vibration band at 3444 cm −1 , which was assigned to the O-H stretching vibration of C-OH groups. The peaks at 1640 cm −1 and 1355 cm −1 were attributed to the stretching vibration of C=O and C-OH [31] . The result demonstrates that the GQDs were rich in various oxygen-containing functional groups (hydroxyl, carboxyl). These results further confirmed that the GQDs have been successfully prepared.
Electrochemical behavior of GQDs /GCE
Electrochemical impedance spectroscopy (EIS) was used for investigation of the impedance changes of the electrode surface during the modification process. Fig. 2A shows the EI spectra of 5.0 mM [Fe(CN) 6 ] 3−/4− solution containing 0.1 M KCl at bare GCE and GQDs/GCE. The Nyquist plot of EI spectrum includes a semicircular part and a linear part. The semicircular part at high frequency corresponds to the electron transfer-limited process, and the diameter is equivalent to the resistance (R ct ) of the electron-transfer process, which is related to the dielectric and insulating features at the electrode/solution interface [32, 33] . The bare GCE ( Fig. 2A , curve a) displayed a big semicircle with (A ) a R ct . For the GQDs/GCE ( Fig. 2A, curve b) , It can be seen that a small semicircle at higher frequencies was observed. This demonstrates the existence of GQDs could decrease the resistance of the sensing platform in the electrode/solution interface. This also strongly proved that the GQDs/GCE could be a promising electrochemical platform for sensing. + Q dl + Q ads where n is the electron transfer number, F is the Faraday's constant, Q dl is double layer charge which can be eliminated by background subtraction, Q ads is the Faradaic charge, A is the effective surface area of working electrode and c is the concentration of the substrate.
The effective surface area (A) was calculated to be 0.0053 cm 2 and 0.0344 cm 2 for bare GCE and GQDs/GCE from the slope of Q versus t 1/2 . The results indicated that the effective surface areas of GQDs/GCE increased about 6.7 times larger than that on the bare GCE and leading to enhanced in current response.
Electrochemical behavior to DA at GQDs/GCE
CV was used to study the electrochemical behavior of the GQDs/GCE to DA. Fig. 3 shows the behavior of 0.1 mM DA in 0.1 M pH 7.0 PBS at bare GCE and GQDs/GCE. As shown in Fig. 3 , at a bare GCE (Fig. 3, curve a) , DA showed a sluggish and poor electrochemical response. The redox peak of DA was measured at 0.114/0.224V. The potential differences between anodic and cathodic peaks (ΔE p ) were determined to be 110 mV. While at the GQDs/GCE, the redox peak was shown at 0.157/0.182 V for DA. The potential differences between redox peaks (ΔE p ) for DA was 25 mV. Furthermore, the peak current increased evidently at the GQDs/GCE. These results indicated that the GQDs modified electrode exhibited an excellent catalytic effect on the oxidation of DA. The modified GQDs/GCE not only improved the redox peak currents but also made the redox reaction of DA more reversible. Firstly, the GQDs possess high electroactive surface area, good electrocatalytic activity and low charge transfer resistance, which can accelerate the electrochemical reaction of dopamine. Secondly, the GQDs/GCE has high electrochemical response to recognition of DA can be attributed to π-π bonding and electrostatic interaction between negatively charged carboxylate groups on the prepared GQDs [35] and positively charged amine functional groups in DA (pK a =8.87) [36] . The reaction mechanism of DA on the modified electrode surface proposed in Scheme 1.
Optimization of conditions
The effect of different electrodeposition cycles of the GQDs in preparation the GQDs/GCE was investigated by the CVs in presence of DA. The electrodeposition cycles of GQDs were varying from 5, 10, 20, 30 to 40 cycles. Fig. 4 illustrates the variations in the electrocatalytic nature of the GQDs with the different number of cycles. The oxidation and reduction peak current of DA increased after increasing the number of cycles to 30. The current was slightly decreased when the the number of deposition cycle was over 30. So, electrodeposition cycles of thirty were selected as the optimal experimental condition. The cyclic voltammograms for the GQDs/GCE at different scan rates (v) on the electrochemical behavior of 0.1 mM DA were examined. As shown in Fig. 5A , both the oxidation peak current and the reduction peak current of DA increased with the increase of scan rates from 20 to 200 mV·s -1 . Fig. 5B shows the plots of peak currents vs. scan rates, the anodic peak currents (I pa ) and cathodic peak currents (I pc ) increased linearly with scan rates. The linear regression equation for the cathodic peak current was I pc (μA) = 0.047v+3.6348 (v in mV·s -1 ), with a correlation coefficient of r = 0.9993, and for the anodic peak current was I pc (μA) = -0.0491v-5.1276 (v in mV·s -1 ), with a correlation coefficient of r = 0.9979, suggesting that the adsorption process was involved in the electrochemical response of DA [12] . When scan rate was small, the number of electrons of DA was given by: W 1/2 = 3.52RT/nF = 90.6/n, calculated as n = 1.86 ≈ 2, which was in good agreement with the references [23, 37] . A proton is always involved in the electrochemical reactions of organic compounds and exerts significant impact on the reaction speed. The effect of PBS solution pH on the response of DA at the GQDs/GCE was investigated in the range of pH 5.5-8.5 by CV. From Fig. 6 , the maximum response current to pH was obtained at pH 7.0. Therefore, pH 7.0 was fit for the subsequent analytical experiments. Fig. 6B shows the relationship between the anodic peak potential and the pH value, with a pH increment of 5.5 to 8.5, the anodic peak potential of DA shifted toward a more negative value, indicating that protons transferred at the GQDs modified electrode. The dependence of E pa on pH value at the GQDs/GCE can be expressed by the relation: E pa (V) = 0.6003-0.0586 pH (r =0.9861). According to the formula: dE p /dpH = 2.303 mRT/nF, where m is the number of proton transferred, and n the number of electron, the value of m/n was obtained to be 1 from the slope (58.6 mV per pH unit) of the relationship of E p -pH. This showed that the number of proton and electron involving in the electrochemical redox process of DA is equal [38] , thus the electrooxidation of DA at the GQDs/GCE involved a two-electron and two-proton process. It is no doubt that the accumulation time could improve the amount of DA adsorbed on the GQDs/GCE surface and improve the current response. The effect of accumulation time on the DPV peak current of DA (50 M) was studied and the corresponding results were shown in Fig. 7 . The oxidation peak current increased gradually with the increase of accumulation time from 10 to 200 s. With a further increase in the accumulation time, the oxidation peak current response remained nearly constant, suggesting that the saturated adsorption of DA at the surface of the GQDs/GCE was complete. Therefore, the optimal accumulation time of 200 s was used in the further experiments.
Determination of DA
As a highly sensitive electrochemical technique, DPV was used for determination of DA in 0.1 M PBS (pH 7.0). Fig. 8 shows the typical DPV curves of DA at the GQDs/GCE as the concentration increases from 0.4 to 100 M. It could be seen that the peak currents enhance gradually with the adding of DA. In the range from 0.4 to 100 M, the linear equation was I pa (μA) =-0.6145C(μM)-4.995 with a correlation coefficient of 0.997. According to a signal-to-noise ratio (S/N) of 3, the detection limit was estimated to be 50 nM. The DA determination performances of the prepared modified electrode were compared with carbon nanotubes and grapheme modified electrodes ( Table  1) . As can be seen, the analytical performance of the GQDs/GCE is much higher than most of the literature studies.
Ascorbic acid (AA) is the main interfering substances during the electrochemical determination of DA, because the oxidation potential of DA and AA are very close at bare electrode, resulting in the overlap of voltammetric responses [43] . Furthermore, AA generally coexists with DA in the central nervous system. Therefore, it becomes a major goal to selectively detect DA in the presence of AA [44] . The electrochemical behavior of a mixture containing 10 M 
Interference study
DA and 1000 M AA at the GQDs/GCE were investigated by DPV (Fig. 9 ). As can be seen from Fig. 9A , the separation of the oxidation peak potential of DA and AA was calculated as 148 mV. Forthermore, the high concentration of AA showed a sluggish and poor electrochemical response at the GQDs/GCE, suggesting that the GQDs/GCE could sensitively and selectively detect DA in the presence of AA. It may be attributed to the electrostatic repulsion due to the negatively charged carboxylate groups on the prepared GQDs, which exclude most of the AA anions from the surface of the electrode. Fig. 9 (B) showed that the oxidation peak current of DA increased linearly with an increase in the DA concentration while the concentration of AA was kept constant (1000 M), suggesting that the co-existed AA in a high concentration has no impact on the electrochemical response of DA on the GQDs/GCE. Consequently, the above results proved that the GQDs/GCE was suitable to be used to eliminate the interference of AA from the determination of DA. As we know, Uric acid (UA) also coexists with DA in biological systems. The influence of UA on the signals of DA was examined and found that no interference occurred with the addition of 100-fold concentration UA in the presence of DA. In addition, other influences from common co-existing substances were also investigated. It was found that 300-fold concentration of L-tryptophane and L-cysteine; 200-fold concentration of citric acid and glucose had no influence on the signals of dopamine. Some substances such as 100-fold concentration of KCl, Na 2 SO 4 , Cu(NO 3 ) 2 , MgCl 2 , CaCl 2 , ZnCl 2 , FeCl 3 , Na 2 CO 3 had no influences on DA determination. These results suggested that the determination of DA at the GQDs/GCE is free from the most common interfering species and thus the prepared modified electrode also has high sensitivity for the determination of DA. 
Reproducibility and stability of the GQDs modified electrode
The reproducibility and stability of the GQDs modified electrode were investigated. The relative standard deviation (RSD) of the oxidation peak currents of 50 M DA by fifteen successive measurements was 2.63%. When five GQDs modified electrodes based on the same procedure were utilized for the determination of 50 M DA, and the RSD was 1.67%. Even if the GQDs modified electrode was kept at 4 °C for 2 weeks, the peak currents still remained more than 91.6 % of the initial value. The above results revealed excellent stability and reproducibility of the GQDs/GCE towards the DA oxidation.
Analytical application
To evaluate the practical capability of the proposed method, the GQDs/GCE was applied for the determination of DA in real pharmaceutical samples using the standard addition method. The diluted dopamine hydrochloride injection (specified content of DA is 10 mg·mL −1 , Shaanxi Jingxi Pharmaceutical Co. Ltd.) was transferred into the electrochemical cell and spiked with various concentrations of DA standard solution (10, 20 and 30 μM) and their DPVs were obtained at the modified electrode. The recovery and RSD were presented in Table 2 . High recoveries of DA between 96.0% and 98.5% was achieved, with a low relative standard deviation, confirmed that the prepared GQDs/GCE is suitable for the determination of DA in real samples. 
CONCLUSION
In conclusion, we have successfully constructed the GQDs/GCE by an electrodeposition method for sensitively determination of DA. GQDs/GCE exhibited excellent high electrocatalytic activity toward DA oxidation due to its high electroactive surface area, π-π bonding and electrostatic interaction between the prepared GQDs and DA. Besides, the modified electrode can also eliminate the interference of ascorbic acid effectively. This fabricated electrode showed excellent reproducibility, good stability and low detection limit, which makes it suitable for the determination of DA in the presence of high concentration of AA. Moreover, the proposed sensor was applied for the determination of DA in real samples with satisfactory results.
